Abstract: This study investigates using an iodide-enhanced solution at the cathode during electrokinetic treatment to optimize the removal of mercury from soils. The experimental program consisted of testing two types of clayey soils, kaolin, and glacial till, that were initially spiked with 500 mg/kg of Hg͑II͒. Experiments were conducted on each soil type at two voltage gradients ͑1.0 or 1.5 VDC/cm͒ to evaluate the effect of the voltage gradient when employing a 0.1 M KI solution. Additional experiments were performed on each soil type to assess the effect of using a higher iodide concentration ͑0.5 M KI͒ when using a 1.5 VDC/cm voltage gradient. The tests conducted on the kaolin soil showed that when the 0.1 M KI concentration was employed with the 1.0 VDC/cm voltage gradient, approximately 97% of the mercury was removed, leaving a residual concentration of 16 mg/kg in the soil after treatment. The tests conducted on glacial till indicated that it was beneficial to use the higher ͑0.5 M KI͒ iodide concentration and the higher ͑1.5 VDC/cm͒ voltage gradient to enhance mercury removal, because, under these conditions, a maximum of 77% of the mercury was removed from the glacial till, leaving a residual concentration of 116 mg/kg in soil after electrokinetic treatment. Compared to kaolin, the lower mercury removal from the glacial till soil is attributed to the more complicated soil composition, such as the presence of carbonates and organic matter, which caused Hg͑II͒ to adsorb to the soil and/or exist as an immobile chemical species.
Introduction
Numerous contaminated sites exist where soils have been contaminated with mercury due to accidental spills and improper waste disposal practices, and the range of mercury concentrations may vary widely. Background concentrations in sediments and fresh and sea water range from less than 0.01 to about 0.2 g/L, whereas contaminated sites, like the nuclear weapons plant in Oak Ridge, Tennessee, had soil concentrations of elemental mercury as high as 10,000 mg/kg ͑Hanke et al. 1993͒. Under oxidizing soil conditions, elemental mercury (Hg 0 ) can be oxidized to the Hg͑II͒ valance state. Once it is in the Hg͑II͒ form, it is much more reactive, and it may undergo methylation and/or reactions with inorganic species. Moreover, under reducing conditions, Hg͑II͒ may be converted back to its elemental (Hg 0 ) state. In general, the transport and fate of Hg͑II͒ depends on a number of environmental factors, particularly the soil-solution chemistry and the pH, redox potential ͑Eh͒, and the strains of bacteria that are present ͑Hanke et al. 1993͒ .
Mercury contamination can lead to adverse effects on public health and the environment. According to the United States Environmental Protection Agency ͑U.S. EPA͒, the best demonstrated available technology currently available to remediate mercury contaminated sites is ex situ thermal technology, which includes thermal desorption and incineration. However, because of the high cost of this technology, there exists a need for new, efficient and cost-effective remediation techniques for the rapid rehabilitation of such sites.
Electrokinetic remediation is one of the most promising in situ or ex situ soil decontamination processes, and numerous electrokinetic investigations, such as Hamed and Acar ͑1991͒, Pamukcu and Wittle ͑1992͒, Shapiro and Probstein ͑1993͒, Reed et al. ͑1996͒, Reddy and Shirani ͑1997͒, Reddy et al. ͑1997͒, Reddy and Parupudi ͑1997͒, Coletta et al. ͑1997͒ and Reddy and Chinthamreddy ͑2003͒ have shown success at removing heavy metals from soils. Fig. 1 depicts an electrokinetic remediation system consisting of a direct current power supply connected to electrodes that surround the contaminated soil. The cathode is the negatively charged electrode and the anode is the positively charged electrode. Electrokinetic remediation employs conduction phenomena in soils under an electric field to transport chemical species ͑ionic and nonionic͒ from within the soils to an electrode location. These chemical species are subsequently removed from the ground via a collection system engineered for each specific application.
Electrokinetic remediation basically involves three electrokinetic transport processes: electromigration, electroosmosis, and electrophoresis ͑Acar and Alshawabkeh 1993͒. In addition, during Electromigration describes the transport of ionic species that are present in the pore fluid, and this process includes the migration of H ϩ and OH Ϫ toward the oppositely charged electrode. In addition to surface conduction, the electromigration process conducts electrical current through a soil-water system, moreover, as the ions electromigrate toward the electrodes, they transfer momentum to water molecules, thereby generating an electroosmotic flow. Electro-osmosis depends on the net amount of ionic migration towards an electrode location, and, in low permeability, clayey soils, the net ion migration may be high and it could significantly affect the decontamination process. The following Helmholz-Smoluchowski ͑H-S͒ equation is often used to estimate the average electroosmotic flow velocity (v eo ) ͑Eykholt and Daniel 1994͒:
According to the H-S equation, the flow velocity is proportional to the electrical gradient (E x ), zeta potential ͑͒, and dielectric constant (D), and it is inversely proportional to the viscosity ͑͒. The ( 0 ) term represents the permittivity of a vacuum (8.854 ϫ10 Ϫ12 C/V m), and the dielectric constant and viscosity are properties of the fluid. Generally, when the pH is below its zero point charge ͑2Pc͒, a soil has a positive zeta potential and the electro-osmotic flow occurs towards the anode. Conversely, when the pH is above the ZPC, the soil has a negative zeta potential and the electro-osmotic flow occurs towards the cathode. Alternatively, the electro-osmotic flow velocity is given by
where K e is referred to as the electroosmotic conductivity. Electrophoresis is the migration of charged colloids, but, in a compact Previous research conducted at the University of Illinois at Chicago ͑UIC͒ investigated the feasibility of using the electrokinetic process as a cost-effective extraction method for treating Hg͑II͒-polluted soil ͑Chaparro 1999; . For this research, Hg͑II͒ was selected since it is generally stable under well-oxygenated soil conditions, which prevail in most terrestrial soil environments ͑Schuster 1991͒. Two types of soil, kaolin and glacial till, were artificially contaminated with mercury in the laboratory, and batch tests were conducted to evaluate the effect of water ͑deionized water͒ and different ligands ͑extracting agents͒ on Hg͑II͒ removal from soils. Different types of extracting agents as well as the concentrations were selected to optimize mercury removal while minimizing cost and any environmental or public health impact. Disodium ethylenediaminetetraacetate ͑Na-EDTA͒, potassium iodide ͑KI͒, and sodium chloride ͑NaCl͒ were chosen as extracting agents, and these tests indicated that Na-EDTA and KI were the most effective agents for Hg͑II͒ desorption. Electrokinetic tests were also performed to determine removal of Hg͑II͒ from these soils using 0.1 M Na-EDTA or 0.1 M KI as extracting agents under a voltage gradient of 1.0 VDC/ cm. These tests revealed that an initial Hg͑II͒ concentration of 500 mg/kg was reduced to 16 and 220 mg/kg in kaolin and glacial till, respectively. This paper presents the results of a complementary study performed to investigate the effects of increasing the voltage gradient and/or increasing the KI concentration on Hg͑II͒ removal from different types of soils using electrokinetics. Six bench-scale laboratory electrokinetic experiments were conducted using the two soil types ͑kaolin and glacial till͒, two voltage gradients ͑1.0 and 1.5 VDC/cm͒, and two KI concentrations ͑0.1 and 0.5 M͒, and these tests were evaluated to determine the optimal conditions for efficient mercury desorption and removal.
Experimental Procedures
The electrokinetic variables and equipment used for this study were selected based on previous studies performed at the UIC ͑Reddy and Parupudi 1997; Reddy and Shirani 1997; Reddy and Chinthamreddy 2003; . The testing program was designed to systematically analyze the effects of voltage gradient and iodide concentration on the removal of mercury from different soil types during electrokinetic treatment.
Soils Tested
Two soil types, kaolin and glacial till, were used for this investigation. Kaolin is a commercially available soil, and it was obtained from the Thiele Kaolin Company in Georgia. Glacial till is a field-derived soil, and it was obtained from a project site within the Chicago metropolitan area. Physical and chemical tests were conducted to characterize these soils, and summary of the test results is provided in Table 1 . As seen from the test results, the two soils possess significantly different properties, and these properties may be compared and correlated to a wide range of clay soils encountered in the field.
Contaminated Sample Preparation
The two clean soils were air dried and pulverized to allow the soil to pass through a # 20 sieve ͑0.85 mm͒, and, for each experiment, the total amount of soil needed was calculated. The soil was then weighed and placed in a large glass pan. The amount of mercuric chloride salt necessary to contaminate the soil to 500 mg/kg of mercury was determined and dissolved in deionized water. Although Hg concentrations vary widely at contaminated sites, the 500 mg/kg value was selected based on the reported data on contaminated natural gas industry sites ͑Hanke et al. 1993͒. The amount of water that was introduced yielded an initial water content of 35% in the kaolin and 18% in the glacial till. These water contents were selected to simulate typical field moisture conditions as well as to produce wet of optimum soil conditions and practical soil workability. The mercuric chloride solution was then added to the soil and mixed with a stainless steel spoon until the mixture had a homogeneous appearance.
The contaminated sample was then allowed to equilibrate for a one hour time period. The equilibrated soil sample was then packed into the cylindrical electrokinetic cell ͑6.2 cm internal diameter and 19.1 cm long͒ in uniform layers and compacted with stainless steel handheld pestle. A portion of the soil sample was retained to measure the initial Hg concentration, the moisture content, pH, and redox potential. The soil in the cell was then allowed to equilibrate for an additional 24 h. Fig. 2 shows the electrokinetic test setup used for this study. The electrokinetic cell was connected to the anode assembly at one end and to the cathode assembly at the other end. The main features of the anode and cathode assemblies are the filter papers, porous stones, and graphite electrodes. Each electrode resides in a watertight chamber that is connected to measuring reservoirs at one end and to the soil specimen cylinder at the other end. The soil specimen is separated from these solution-filled chambers by a filter paper and a porous stone. The electrokinetic cell was placed in a horizontal configuration for the duration of testing. The anode reservoir and chamber were filled with deionized water and the cathode reservoir and chamber were filled with KI solution at the selected concentration. The power supply was connected to the electrodes and a constant voltage gradient was applied across the soil specimen.
Electrokinetic Test Setup and Testing Procedure
The progress of each test was monitored daily. A digital multimeter was used to measure the voltage and current across the soil, the anode and cathode reservoir levels were recorded to measure the time-dependent liquid movement through the soil, and the pH of the solution in each reservoir was measured. Once a week, the anode and cathode reservoir solutions were replaced with the designated solution, and a sample from the removed solution was analyzed for mercury.
After a chosen time period, voltage application was stopped and the reservoirs and the electrode assemblies were disconnected. The soil specimen was extruded from the electrokinetic cell and then sliced into five sections from anode to cathode. Each soil section was analyzed for water content, pH, redox potential, and mercury concentration. This allowed a characterization of the Hg concentration and geochemical parameters across the soil specimen.
Electrokinetic Testing Program
Chaparro ͑1999͒ and Reddy et al. ͑2003͒ presented and discussed the effects of using different extracting and chelating agents for the electrokinetic removal of Hg from kaolin and glacial till soils, and it was concluded that a potassium iodide ͑KI͒ solution was the most effective agent. The present study includes an additional testing program that was developed to optimize the electrokinetic Hg removal process, and this program is summarized in Table 2 . The purpose of these tests was to study the effect of increasing the voltage gradient and increasing the KI concentration, because both of these test variables could possibly affect mercury removal.
For each soil type, kaolin and glacial till, electrokinetic experiments were conducted to evaluate the effect of employing a larger voltage gradient ͑1.5 compared to 1.0 VDC/cm͒ when using a 0.1 M KI extracting agent concentration. Then two additional tests, one for each soil type, were conducted to evaluate the effect of using a stronger extracting agent concentration ͑0.5 M KI͒ when using a voltage gradient of 1.5 VDC/cm. The initial targeted mercury concentration in the soil was 500 mg/kg for all the tests, and all six tests were conducted using the KI solution at the cathode and deionized water at the anode. 
Chemical Analysis of Mercury in Soils and in Aqueous Samples
The cold vapor atomic absorption spectrometry ͑CVAAS͒ technique was used for mercury detection ͑U.S. EPA Method 245.5, 1991, and U.S. EPA Method 245.1, 1994͒. Prior to analysis, all aqueous and soil samples were pretreated, by means of acid digestion, to release mercury from the matrix constituents. This left the mercury in a free ionic form that could be rendered into the volatile elemental mercury Hg 0 form by a reducing agent (SnCl 2 ). This mercury vapor was then released into the carrier gas that was subsequently swept into a detection cell where the 2537-X resonant emission energy from a mercury vapor lamp was emitted. The absorption of 2537-X energy was then monitored through a narrow band-pass filter using an ultraviolet-sensitive photomultiplier.
Soil Sample Digestion
Acid digestion of the soil was performed in accordance with U.S. EPA Method 245.5 ͑1991͒. For this method, the soil was first dried for 24 h at 60°C. Approximately 0.1-g samples of the representative dried soil were weighed, and each sample was placed in a 50 mL bottle. Then, 2.5 mL of deionized water and 2.5 mL of aqua regia were added to each bottle. Immediately, the bottles were capped, mixed thoroughly, and placed in a water bath for 2 min at 95°C. The bottles were then allowed to cool to room temperature, and 25 mL of deionized water and 7.5 mL of potassium permanganate solution were added. The bottles were then capped, mixed thoroughly, placed in the water bath for 30 min at 95°C, and then allowed to cool to room temperature. After cooling, 3 mL of sodium chloride-hydroxylammonium (NaCl-NH 2 OH-HCl) were added to reduce the excess permanganate. Finally, the supernatant of the sample was analyzed using CVAAS, and duplicate samples were analyzed to ensure the reproducibility of the digestion procedure and accuracy of the results.
Aqueous Sample Digestion
Acid digestion of aqueous samples was performed in accordance with U.S. EPA Method 245.1 ͑1994͒. For this method 10 mL of aqueous sample were transferred into 50 mL bottles. Then, 0.5 mL of concentrated sulfuric acid (H 2 SO 4 ) and 0.25 mL concentrated nitric acid (HNO 3 ) were added, and the solutions were mixed. After mixing, 1.5 mL of potassium permanganate solution (KMnO 4 ) was added to each bottle, the samples were shaken, and additional portions of KMnO 4 solution were added, if necessary, until the purple color persisted for at least 15 min. Following the addition of KMnO 4 , 0.8 mL of potassium persulfate solution (K 2 S 2 O 8 ) was added, the bottles were capped and mixed thoroughly, and then they were placed in a water bath for two hours at 95°C. After two hours, the bottles were allowed to cool to room temperature and 0.6 mL of sodium chloride-hydroxylammonium (NaCl-NH 2 OH-HCl) was added to reduce excess permanganate. Finally, the aqueous sample was analyzed using CVAAS, and duplicate samples were analyzed to ensure reproducibility and accuracy.
Quality Control
As mentioned previously, the chemical analysis of the soil and aqueous samples included the testing of duplicate samples to ensure reproducibility and accuracy. In addition, during CVAAS, each sample was analyzed twice to ensure accuracy. If a significant difference between samples or outlying values occurred, retesting was performed, however, for the majority of the tests, the concentrations that were measured in the duplicate samples were within a small range (Ϯ10%) of each other, especially when the mercury was present at a high concentration ͑Chaparro 1999͒. In comparison to the initial contaminant concentration in the soil, the variation in chemical analysis was deemed to be acceptable. The average percent recovery of mercury for the spiked kaolin soil samples was about 109Ϯ9% for the four tests performed on this soil ͑three tests with the KI solution and one baseline test using deionized water͒ ͑Chaparro 1999͒. Similarly, the average percent recovery for the spiked glacial till soil samples was about 106Ϯ17% for the four tests conducted with this soil ͑three tests with the KI solution and one baseline test using deionized water͒. The slightly greater recovery measured by chemical analysis as compared to the initial mass of mercury spiked into the soil was likely due to nonuniform mercury distribution within the soil. The good recovery of mercury from the spiked soils validates the accuracy of the acid digestion and CVAAS analysis. Table 3 shows the mass balance analysis for all the electrokinetic tests performed on glacial till and kaolin soils. The mass balance compares the initial mass of mercury present in the soil prior to electrokinetic treatment to the sum of the final mass of mercury remaining in the soil upon test completion added to the mass that accumulated in the anode and cathode reservoirs. The mass balance of the tests conducted on the kaolin soil was low ͑approximately 20 to 30%͒, while the tests conducted on glacial till had a higher mass balance ͑approximately 50 to 80%͒. For both soils, the low mass balance obtained is attributed to the amount of mercury that was either volatilized or attached to the walls of the anode compartment and/or to the anode electrodes. To some degree, mercury could also have been trapped in the porous stones; however, no special analysis was performed to extract this adsorbed or trapped mercury. Baseline tests were conducted on both soils using deionized water, and they did not induce any mercury migration or removal. These baseline tests had mass balances of 91% for kaolin and 98% for glacial till ͑Chap-arro 1999͒. Therefore, the mass balance discrepancies in the tests using the KI solution are attributed to adsorption and volatilization of mercury at the electrodes, specifically at the anode.
Results and Analysis Current
Figs. 3͑a and b͒ show the current that was measured for the entire duration of the electrokinetic experiments performed using the kaolin and glacial till soils, respectively. As seen in Fig. 3͑a͒ , for the tests performed on kaolin, the initial average current value for the two tests performed with 0.1 M KI was around 3 mA, and the current values for these tests generally ranged from 2 to 10 mA during testing. The test performed with the stronger ͑0.5 M KI͒ concentration had a much higher initial current value of 34 mA, then it rapidly increased to 77 mA by the third day. The rapid increase was followed by a sharp decrease, reaching 14 mA on the fifth day, and, after 20 days, and until the end of the experiments, all three tests exhibited a similar current behavior that slightly fluctuated in the range of 2 to 10 mA until the end of the testing.
As shown in Fig. 3͑b͒ , the three electrokinetic tests performed on glacial till had initial current values that ranged from about 20 to 27 mA. Thereafter, the currents increased until they reached peak current values on the third day. After three days, the current values decreased until the termination of the experiments. For the test performed under 0.1 M KI and 1.0 VDC/cm conditions, the initial current value was 21.9 mA and the peak current reached was 23 mA. For the test performed under 0.1 M KI and 1.5 VDC/cm, the initial current value was 27 mA and the peak current reached was 32 mA. For the test performed under 0.5 M KI and 1.5 VDC/cm conditions, the initial current value was 20.3 mA and the peak current value reached was approximately 68 mA. The average current value for the three experiments on the glacial till tended to stabilize near the end of the experiments at approximately 10 mA.
Overall, the current values for all the electrokinetic tests exhibited a similar trend. The current increased during the beginning of the experiments, reached peak values in about three days, and then the values decreased and converged near the end of the experiments. It was found, as expected, that the experiments performed with the highest KI concentration and voltage gradient exhibited the highest average current values.
As water is added to the soil, salts associated with the dry soil particles dissolve into the water and produce an ionic solution. When the voltage gradient is applied, the initial current is high as a result of the strong ionic concentration. Then, as the KI solution begins to migrate into the soil, it supplies additional ions and causes further salt dissolution to occur, thereby increasing the current. As time passes, the current decreases because the cations and anions electromigrate towards the respective electrode. In addition, the products of the electrolysis reactions may contribute to the neutralization of migrating ions. In particular, H ϩ ions migrating toward the cathode could be neutralized by OH Ϫ ions migrating towards the anode, thereby forming water and diluting the number of ions in solution. The use of a higher concentration KI solution will increase the number of ions in the pore solution and this should increase the current. The use of a higher voltage gradient effects ion movement because ions that were previously electro-statically fixed in the test using the lower voltage gradient may become mobile when the electric potential is increased. It is also likely that the higher voltage gradient will increase the rate of electrolysis, and the time-dependent pH changes could affect the current by causing changes such as greater salt dissolution, soil degradation, or salt precipitation.
Electroosmotic Flow
Figs. 4͑a and b͒ show the cumulative electroosmotic flow volume with time for the electrokinetic experiments performed using the kaolin and glacial till soils, respectively. Using this data, the coefficient of electroosmotic conductivity (K e ) was calculated. K e is defined as the flow velocity under a unit electrical gradient, and it is calculated for the experiments conducted in this study using the following equation:
where Qϭvolume of flow; tϭtime period; Aϭcross-sectional area; Lϭlength of the sample; and ⌬Eϭaverage electric potential difference across length of the soil specimen. It should be noted that the surface charge of the soil particles ͑zeta potential͒ and the pore fluid properties ͑such as dielectric constant and viscosity͒ could affect the electro-osmotic flow. In addition, the electrical gradient may not be uniform through the soil, so the electroosmotic flow is generally not uniform spatially or temporally ͑Eykholt and Daniel 1994͒. As a result, the electro-osmotic coefficient K e varies with time, and, in addition, such changes may cause the electroosmotic flow to cease or to reverse in direction.
For the two tests performed on kaolin under the effect of 0.1 M KI ͑one with a voltage gradient of 1.0 VDC/cm and other with 1.5 VDC/cm͒, the flow always occurred toward the anode electrode. This flow movement in the direction of the anode could be a result of the influx of iodide anions and the formation and electromigration of soluble species such as HgI 4 2Ϫ toward the anode. The test performed under the 0.1 M KI and 1.0 VDC/cm voltage gradient conditions had a flow that was approximately uniform during the first 70 days of testing with a K e of 4.0 ϫ10 Ϫ6 cm 2 /s V, but after the first 70 days, the K e for this test decreased to 1.3ϫ10
Ϫ6 cm 2 /s V. The test performed under the 0.1 M KI and 1.5 VDC/cm conditions had a flow that was approximately uniform during the first 25 days of testing with a K e of 1.6ϫ10
Ϫ6 cm 2 /s V, but after the first 25 days, the K e decreased to 5.1ϫ10
Ϫ7 cm 2 /s V. The test conducted under the 0.5 M KI and 1.5 VDC/cm conditions had a high flow towards the cathode during the first two days of testing, and the K e was calculated to be 2.8ϫ10
Ϫ5 cm 2 /s V. After the first two days, however, the flow in this test changed direction and migrated slowly toward the anode for the rest of the experiment with a K e of 2.1 ϫ10 Ϫ7 cm 2 /s V. The high flow towards the cathode at the start of the experiment using the 0.5 M KI and 1.5 VDC/cm conditions indicates that simultaneously increasing the voltage gradient and the KI concentration at the cathode initially causes the net amount of ion electromigration to occur toward the cathode. This may be a result of the smaller size and greater ionic mobility of cations such as Na ϩ and H ϩ compared to larger anions like I Ϫ and OH Ϫ ͑Alshawabkeh and Bricka 2000͒. Thus, during the first three days, the transfer of momentum to water molecules by highly mobile cations migrating towards the cathode exceeded the momentum transfer from the migration of the slower and less mobile anions towards the anode. Then, with the passage of time, the amount of free mobile ions reduces and the amount of electrolysis products increase at the electrodes, and these changes as well as variations in parameters such as ionic concentration, electric potential, dielectric constant, and zeta potential allowed the anion electromigration to predominate and the flow to switch directions. Fig. 4͑b͒ presents the electrokinetic flow for the tests performed on glacial till. For the test conducted under the effect of 0.1 M KI and 1.0 VDC/cm voltage gradient conditions, the flow occurred toward the cathode electrode with a K e of 6.4 ϫ10 Ϫ6 cm 2 /s V for the first ten days. Then, from Day 10 until the end of the test, the soil solution velocity decreased and K e reduced to 1.7ϫ10 Ϫ6 cm 2 /s V. For the test conducted under 0.1 M KI and 1.5 V/cm conditions, it was observed that the solution in the anode reservoir descended much faster than it ascended in the cathode reservoir during the first 20 days of experiment. Moreover, this variable flow condition caused a discrepancy between K e at the region near the anode and K e near the cathode. Near the anode the K e was 7.4ϫ10 Ϫ6 cm 2 /s V while near the cathode the K e was 2.6ϫ10
Ϫ6 cm 2 /s V. After day 20, the flow in this experiment changed its direction and occurred toward the anode electrode, and for eight days, K e was approximately 9.7 ϫ10 Ϫ6 cm 2 /s V. Thereafter, K e decreased in value. Last, for the test conducted under 0.5 M KI and 1.5 V/cm conditions, the flow during first three days occurred rapidly toward the cathode with a K e of 8.5ϫ10
Ϫ5 cm 2 /s V. This was followed by a period of 35 days where there was almost no flow ͑i.e., K e ϭ0), and then the flow changed its direction and occurred toward the anode for seven days with a K e of 9.6ϫ10 Ϫ6 cm 2 /s V. Later, the flow velocity in this test decreased, and the K e was calculated to be 1.6 ϫ10 Ϫ6 cm 2 /s V until the end of the experiment. The flow behavior observed in the glacial till tests was similar to that described earlier for the kaolin experiments. Li and Li ͑2000͒ conducted an investigation on the enhanced remediation of lead-contaminated soils and measured comparable changes in the direction of electroosmotic flow.
pH Profiles
Figs. 5͑a and b͒ present the pH distribution across the kaolin and glacial till soil specimens, respectively, upon completion of the electrokinetic tests. Initially, before conducting the electrokinetic treatment, the pH of the contaminated kaolin was 4.6 and the pH of the contaminated glacial till was in the range of 7.6 -8.3.
As shown in Fig. 5͑a͒ , the pH distribution within the kaolin for all three tests performed with KI was similar in the region between the anode electrode and the mid part of the cell, where the pH values were around 2-4 ͑very acidic conditions͒. For the other region of the cell, located between the midpart of the cell and the cathode electrode, the soil pH varied depending on the testing conditions. In the case of the test performed under 1.0 VDC/cm and 0.1 M KI conditions, the pH was alkaline in this region ͑pH around 13͒, while for the test run under 1.5 VDC/cm and 0.5 M KI conditions, the soil was acidic, which indicates that the acid front generated at the anode flushed through the entire sample. In Fig. 5͑b͒ , it can be seen that the pH distribution within the glacial till for the three tests performed with KI had alkaline conditions existing throughout the soil. Near the anode, however, all three of the tests exhibited a slightly lower pH, although the soil in this region was still alkaline. The high pH conditions found throughout the glacial till experiments are largely attributed to the high, 35%, carbonate content of this soil that provides a high acid buffering capacity. In addition, alkaline solution migrating from the cathode, where electrolysis reactions produce hydroxyl ions (OH Ϫ ), may also increase pH along the length of the soil specimen.
Redox Profiles
Figs. 6͑a and b͒ present the redox potential ͑Eh͒ across the kaolin and glacial till specimens, respectively, upon completion of the electrokinetic tests. Before conducting the electrokinetic treatment, the initial Eh of kaolin was measured to be around 288 mV for the two tests using 0.1 M KI and it was 114 mV for the test employing the 0.5 M KI extracting solution. The initial Eh was about 107 mV for all three of the experiments that were performed using the glacial till soil. Fig. 6͑a͒ shows that the kaolin test that used the 0.1 M KI solution and the 1.0 VDC/cm voltage gradient had oxidizing conditions near the anode while reducing conditions existed in the two sections adjacent to the cathode. For the other two kaolin tests, that used the 1.5 VDC/cm voltage gradients, oxidizing conditions existed throughout the soil. Conversely, Fig. 6͑b͒ shows that reducing conditions predominated throughout all three of the specimens performed using glacial till, except for the soil section that was adjacent to the anode. From these measurements, it can be seen that for the tests conducted on the kaolin soil, generally, oxidizing conditions predominated, while for similar tests conducted on glacial till, reducing conditions were predominant. The three tests that were performed in each soil, kaolin and glacial till, had comparable Eh results, however, the measurements indicate that the experiments that used a higher voltage gradient and/or a stronger KI concentration produced slightly greater oxidizing conditions. Hg͑II͒ compounds may be more mobile under low pH and oxidizing conditions, so, normally, these conditions are beneficial for Hg͑II͒ migration and removal.
Mercury Removal
In all the electrokinetic tests, significant amounts of mercury were found in the anode reservoirs, while mercury was not detected in the cathode reservoirs. This indicates that the migration of mercury always occurred toward the anode electrode. Mercury forms complexes with iodide ions to form HgI 4 2Ϫ ions, which are then transported toward the anode by ionic migration. Figs. 7͑a and b͒ show the mercury that accumulated in the anode reservoirs in the tests conducted on kaolin and glacial till, respectively. Table 3 presents a summary of the cumulative amount of Hg found in the anode and cathode reservoirs at the end of electrokinetic treatment.
When the tests were terminated and the electrokinetic cells were disassembled, some Hg was observed visually on the anode electrodes and on the cell walls, but no special analysis was performed to extract and analyze this attached or trapped mercury. Therefore, the residual Hg concentrations in the soil were used to calculate the removal efficiency.
Figs. 8͑a and b͒ show the residual mercury distribution across the kaolin and glacial till specimens, respectively. Fig. 8͑a͒ shows that the potassium iodide ͑KI͒ solution was very efficient at removing mercury from kaolin. Table 3 shows that the percentage of Hg removed from the kaolin soil was above 95% for all three tests. This indicates that nearly the same remedial efficiency is achieved using a relatively weak ͑0.1 M KI͒ concentration extracting solution with a low ͑1.0 VDC/cm͒ voltage gradient as was achieved using a strong ͑0.5 M KI͒ concentration extracting solution with a high ͑1.5 VDC/cm͒ voltage gradient. Therefore, the effects of increasing the KI concentration and the voltage gradient are probably minor and/or insignificant for Hg removal from kaolin. Fig. 8͑b͒ shows that the effect of the potassium iodide ͑KI͒ solution on the Hg-contaminated glacial till soil was not as effective as it was on the kaolin soil, and this result may be attributed to the presence of carbonates and/or organic matter in the glacial till specimens ͑see Table 1͒ . Table 3 shows the effects of increasing the potassium iodide ͑KI͒ concentration and the voltage gradient in the glacial till soil. For the test conducted under the 0.1 M KI and 1.0 VDC/cm conditions, the percentage of Hg removal was 55.9%, while the test conducted under the 0.1 M KI and 1.5 VDC/cm conditions had a higher Hg removal percentage of 62.7%. The best results occurred when the test was conducted under the 0.5 M KI and 1.5 VDC/cm conditions, where the percentage of Hg removal was approximately 77%.
The removal efficiency of Hg was lower in the glacial till than in the kaolin and this may be attributed to several possible factors. The first factor is that compared to the kaolin test, generally, a lower amount of electroosmotic flow ͑pore volumes͒ occurred in the glacial till test. Second, the glacial till possessed a larger surface area and greater organic content, and it is known that mercury has an affinity for organic matter, which was verified by batch extraction experiments with these soils ͑Reddy et al. 2003͒. It is also possible that the initial spike of Hg͑II͒ was reduced to Hg͑l͒ in the glacial till, which would need to be oxidized to Hg͑II͒ to be solubilized.
Although the percentage of Hg removed from the kaolin and glacial till specimens was significant ͑above 95% for kaolin soils and 77% for glacial till͒, the amount of residual mercury ͑16 mg/kg of Hg in the kaolin and 116 mg/kg of Hg in the glacial till, as indicated in the Table 3͒ present in the soil may be a concern.
From the point of view of regulations, individual states can impose corrective action levels that must be achieved after remediation. For example, states such as Pennsylvania, Lousiana, and South Carolina require a clean-up level of 20 mg/kg total mercury. This means that for Hg contaminated kaolin soils, if the initial concentration is 500 mg/kg, the clean up level can be achieved by electrokinetic treatment with potassium iodide ͑KI͒ solution. However, other states, such as Oklahoma, require a clean-up level of 4 mg/kg total mercury, and Kansas requires 2 mg/kg in residential areas. Therefore, further optimization and enhancement is needed to apply electrokinetic treatment to meet these very low remediation levels. In glacial till soils, the initial mercury contamination of 500 mg/kg can be reduced down to 116 mg/kg under the effect of a voltage gradient of 1.5 VDC/cm and a purging solution concentration of 0.5 M KI. This residual mercury concentration in glacial till soils exceeds the clean-up levels required in most states. However, this technology can reduce the mercury contamination from 500 mg/kg to a level less than 260 mg/kg, which is the maximum concentration that the U.S. EPA allows for mercury contaminated soil disposal in landfills as long as it passes the toxicity characteristics leaching procedure ͑TCLP͒. Additional research is warranted to determine TCLP concentrations of mercury in electrokinetically treated soils.
Summary and Conclusions
Electrokinetic treatment using potassium iodide ͑KI͒ as an extracting agent yielded different results for the kaolin and glacial till soils. In general, the tests conducted on glacial till showed higher average current values than the tests conducted on kaolin ͑in an approximate proportion of 2:1͒. Moreover, the direction and the amount of electroosmotic flow were dependent on the test duration, KI concentration, voltage gradient, and soil composition.
The tests conducted using the kaolin soil showed that the electrokinetic treatment under the 0.1 M KI and 1.0 VDC/cm condition was optimal. With a few exceptions, acidic conditions ͑pH approximately between 2 and 4͒ and oxidizing conditions ͑Eh around 500 mV͒ existed in the kaolin soil after electrokinetic testing, and approximately 97% of the initial contaminant present ͓500 mg/kg of Hg͑II͔͒ was removed, leaving a residual Hg concentration of 16 mg/kg after electrokinetic treatment.
The electrokinetic treatment results of the glacial till soil were quite different from those observed for the kaolin soil, and it is likely that these differences were caused by the more complicated soil composition of the glacial till, specifically the presence of the higher carbonate content and organic matter content. The tests conducted on glacial till indicated that increasing the potassium iodide ͑KI͒ concentration and the voltage gradient increases mercury removal. With a few exceptions, basic conditions ͑pH approximately between 11 and 13, except near the anode where pH was about 7 to 11͒ and reducing conditions ͑Eh between Ϫ200 to Ϫ50 mV) existed in the glacial till after electrokinetic treatment, except near the anode where the measured Eh indicated oxidizing conditions. Under the effect of a 0.5 M KI concentration and 1.5 VDC/cm voltage gradient, 77% of the initial contaminant present ͓500 mg/kg of Hg͑II͔͒ was removed, leaving a residual concen- 
